A DNA barcode is a short, variable segment of DNA used in species identification. A rapid and inexpensive molecular tool, DNA barcoding may allow for large-scale biodiversity assessments in the future, prompting logical and targeted conservation policies. However, a highly accurate DNA barcode for plants has not yet been found, hindering development of advanced DNA barcoding-based conservation paradigms and perpetuating loss of plant biodiversity.
Introduction
The current biodiversity crisis threatens the well-being of ecosystems and humankind. Baseline biodiversity levels and rates of species loss are largely unknown, resulting in unfocused conservation policies (Brooks, 2010; Krishnamurthy & Francis, 2012) . In order to obtain these figures and thus better target conservation efforts, largescale biodiversity assessments may be conducted (IUCN, 2000; Margules & Pressey, 2000; Myers et al., 2000) . The relative expense and rarity of taxonomists, as well as the inherently time-consuming nature of taxonomy, has made this task unfeasible in previous years; however, the advent of DNA barcoding-the use of short, standardized fragments of DNA as a means of species identification-offers a potential solution (Smith et al., 2005; Alfonsi et al., 2013; Ardura et al., 2013; Nagy et al., 2013) . Although controversial as a phylogenetic tool, DNA barcoding is widely used as a method of species identification, owing to its cost-effectiveness, efficiency, and functionality on a large scale (Hebert et al., 2003) . Hence, DNA barcoding may likely be an integral tool that enables a global network of biodiversity monitoring in future conservation-oriented efforts (Smith et al., 2005; Krishnamurthy & Francis, 2012; Nagy et al., 2013; Cristescu, 2014) .
However, there currently exists no universally accepted, highly accurate DNA barcode for the species identification of plants (Pennisi, 2007; Ledford, 2008; Hollingsworth et al., 2011; Mattia et al., 2011) . The mitochondrial cytochrome c oxidase I gene (CO1 or cox1), a standard barcode for the animal kingdom (Hebert et al., 2003) , is not sufficiently variable in plants to reliably distinguish between species (Chase et al., 2007) . In fact, nuclear and mitochondrial DNA is generally unsuitable for plant barcoding (Pennisi, 2007) . Plant barcodes currently in use are found in the chloroplast genome, which is more variable between plant species, but even these barcodes are associated with major limitations. For instance, the rbcL (RuBisCO large subunit) barcode region is 1400 base pairs long, whereas the ideal length is 300-800 bp (Chase et al., 2007; Ford et al., 2009 ). The trnHpsbA spacer is of inconsistent length and missing in many plant species, complicating sequence alignment (Chase et al., 2007) . ITS (internal transcribed spacer), another commonly proposed barcode, frequently exists as multiple, divergent copies within a single organism (Chase et al., 2007; Ford et al., 2009) . Moreover, none of these segments has been determined to have species identification accuracy of greater than 70% (Chase et al., 2007; Ford et al., 2009) . Although multi-segment barcodes resolve many of these issues, species identification accuracy is only marginally greater. The proposed matK + rbcL barcode, for instance, only has the ability to distinguish 72% of studied plant species (CBOL Plant Working Group, 2009) , inadequate when compared to CO1, which averages upwards of 95% discrimination success in animal species (Thomas, 2009) . Although there exist barcodes that work with great accuracy in specific plant clades (Pennisi, 2007) , there is no highly accurate DNA barcode universally applicable to all plant species.
Numerous efforts in search of plant barcodes have been undertaken; however, they may not have employed sufficiently rigorous methods. For instance, the investigation of Ford et al. (2009) involved 41 coding regions of a single species' chloroplast genome (Ford et al., 2009 ). This study therefore did not account for all possible barcodes and did not recognize the potential utility of non-protein-encoding and uncharacterized "junk" regions in plant barcoding. The study of Kress et al. (2005) evaluated genomes of only two plant species, Atropa belladonna and Nicotiana tabacumas, far removed from a full-scale investigation (Kress et al., 2005) . In addition, although introns, exons, and spacer regions were studied, other non-coding regions of the chloroplast were overlooked. Shaw et al. (2005) only examined 21 non-coding barcode regions (Shaw et al., 2005) . Thus, a truly comprehensive screening of the plant chloroplast genome in search of a DNA barcode has not yet been done. This present study, therefore, aimed to discover a highly accurate DNA barcode for plant identification using a more rigorous and thorough methodology, with the long-term prospect of combating plant biodiversity loss via more effective and focused conservation policies.
Materials and Methods
The goal of our methodology was to find a DNA barcode that could be practically implemented to identify plants.
The methodology, therefore, tested for all essential attributes of an ideal DNA barcode, enumerated as follows: 1) universal presence among plant species;
2) demonstration of a "barcode gap," an indicator of perfect identification accuracy;
3) appropriately short length to enable DNA extraction (300-800 base pairs); 4) adjacently conserved primer sequences. (Kress et al., 2005; CBOL Plant Working Group, 2009; Board of Trustees, 2013) .
Our methodology tested all 500 bp segments of a chloroplast genome alignment in an iterative fashion (successively repetitive) for the presence of a barcode gap. Segments that were not universally present were excluded. Afterwards, DNA regions flanking highly accurate barcodes were studied for their viability as primers.
Testing for the Barcode Gap
The barcode gap is present in a given set of pairwise genetic distances if and only if the maximum pairwise intraspecific distance, a measure of variation within the same species, is less than the minimum pairwise interspecific distance, a measure of variation within different species. In other words, a DNA barcode with a barcode gap will always be more genetically similar to other barcodes of the same species than to barcodes of other species. Hence, the presence of a DNA barcode gap is indicative of an ideal DNA barcode with a hypothetical accuracy 100% in species identification. The barcode gap can be thought of as the 'gold-standard' of DNA barcodes. (Hebert et al., 2003; Meyer & Paulay, 2005) .
The multiple sequence alignment of selected sequences (see 3.1. Sampling) was performed by local MAFFT algorithms (Katoh et al., 2002) . The alignment was then exported to MEGA6 (Tamura et al., 2011) , which calculated pairwise interspecific and intraspecific distances.
A Bash script was written in the Unix shell of the Linux kernel to iteratively analyze 500 bp segments of the multiple sequence alignment for the barcode gap (maximum intraspecific distance < minimum interspecific distance). Successive brackets were instantiated every 125 base pairs in this "sliding window" of 500 bp. The 500 bp barcode length was applied in accordance with the ideal length of 300-800 bp (Kress et al., 2005) , and the 125 bp shift of brackets used in order to test as many meaningfully distinct barcodes as possible within the practical limitations of MEGA6's computing capacity. In this manner, 2950 segments were evaluated for the presence of a barcode gap (bp 0-500, 125-625, 250-750, and so on for the entire length of the ~372,349 bp alignment).
Segments with barcode gaps were then tested for universality-that is, whether the barcode was present in >97% of sequences in the alignment (with "present" defined as presence of at least 475/500 bp).
Mann-Whitney U tests, corrected for multiple comparisons (Bonferroni correction), were performed in GraphPad Prism 6 to evaluate statistical significance values for each barcode that presented a barcode gap.
Additional Testing of Highest-Performing Barcodes
Further tests-namely, BLAST1, Nearest Distance, and Neighbor-Joining Tree Building tests-were performed using MEGA6's functions in order to confirm the universality and efficacy of barcodes experimentally found to have barcode gaps.
In BLAST1 tests, the species of known query barcode sequences (n = 866) inputted into BLAST (Basic Local Alignment Search Tool) ought to be consistent with the species of the top BLAST hit. Only hits having E values < 1 × 10^-5 were considered. Evidently, the query sequence itself cannot qualify as the top hit. In strict Nearest Distance tests, query sequences (n = 44) were aligned with the reference sample set (n = 822). The identity of a query sequence ought to be the same as the sequence having the smallest genetic distance from the query, given that the smallest distance value is below the 90th percentile of intraspecific distance values from the initial iterative analysis with that region. Otherwise, the identification is categorized as ambiguous or a failure. In strict NeighborJoining Tree-Building tests, a sequence's identity was determined by its placement on a MEGA6 neighbor-joining tree containing both the query sequences (n = 44) as well as the reference sequences (n = 822). The query sequence ought to be (a) contained within a monospecific clade and (b) of the same species as all other sequences within its monospecific clade (Ross, 2008) .
Testing of the Algorithm
We devised an algorithm which, rather than searching for the barcode gap, calculated the percent effectiveness (in plant species identification) of each of the 2950 DNA segments, with the ultimate intent of pinpointing those segments with highest percent effectiveness. The algorithm's calculation of percent effectiveness of each segment was compared with the actual percent effectiveness of those same segments, each to the nearest percentage point. Actual values were determined using the BLAST1 method (see 3.3. Additional Testing). BLAST tests were conducted for each 500 bp segment of the alignment, using each of the 866 original sequences. The number of accurate BLAST identifications out of 866 was equivalent to the actual percent effectiveness of that barcode. Percent error of the algorithm in predicting the accuracy of a given DNA barcode was then recorded.
In addition, the segments identified by the algorithm as having the highest percent effectiveness were compared to barcodes determined to have barcode gaps by the initial iterative methodology. If the algorithm identified the same regions as the iterative MEGA6 analysis (i.e, those segments with barcode gaps), the optimized algorithm would be considered an equally accurate alternative to the time-consuming iterative methodology.
Experimental Controls: Plant Barcodes Currently in Use
In order to insure that segments were not universally of disproportionately high accuracy in the restricted sample set of 866 sequences, plant barcodes currently in use (ex. rbcL, ITS, matK) underwent identical testing (initial iterative analysis, additional tests, algorithmic tests). These results were then compared to accepted identification accuracies in the scientific literature from their respective studies.
Primers
In order to screen for quality primers, a LAGAN alignment was generated (Brudno, 2007) , which displayed the degree of similarity between sequences of the alignment. Potential primer sequences flanking the barcode ought to be highly conserved between different sequences. These flanking sequences were also assessed for GC-content, DNA repeats, and redundancy in the genome.
After assessment of potential primer sequences, NCBI Primer-BLAST was utilized in order to identify primers specific to the selected 500 bp barcode segments. The following primer sequences were identified: GAGAGTCGATACTCGGC and ATCCAATGCAACTACGC. Primer universality was assessed using the initial data set employed in the barcode exploration step, with a strict threshold of 19/20 base pairs in order to qualify for universality.
Following quality and universality assessments, primer success was analyzed in the initial sample set. Genomic DNA was extracted from fresh leaves obtained from the New York Botanical Gardens. The 50-μL PCR reactions contained PCR buffer, 0.5 mmol/L of each nucleotide, 0.5 μmol/L of each primer, 2.0 units Taq polymerase, and roughly 20-30 ng DNA (New England Biolabs, Ipswich, MA). After 5 min at 94°C, the PCR thermal cycling was organized as follows: 30 cycles of 30 s at 94°C, 40 s at 52°C, and 1 min at 72°C. After examination by electrophoresis on a 1% agarose gel, the PCR products were sequenced by Eurofins MWG Operon's DNA sequencing services. PCR/sequencing success for each sample was then evaluated with the following criteria:
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Results

Sampling
Whole chloroplast genome sequences of various plants were obtained from GenBank. All specimens were vouchered and credibly identified. 822 samples were used for the main iterative analysis, encompassing 411 species (SI Table 1 ). 44 samples were used in additional testing, encompassing 22 species.
For primer universality tests, vouchers were obtained from the New York Botanical Gardens. Sample set encompassed 32 species of 32 distinct families (SI Table 2 ). Species were included from each of the following plant subdivisions: Bryophyta, Pteridophyta, Gymnospermae, Angiospermae.
Discovery of Two Novel Barcodes with Barcode Gaps
In a multiple sequence alignment of 372,349 base pairs, a total of 2950 segments (each 500 bp in length) were evaluated in the initial iterative analysis. Five (0.17%) of these segments presented with complete barcode gaps, indicating 100% species identification accuracy in the sample set ( Figure 1) . Two of these five barcodes were also universally present (98% of sequences) in the sequence alignment (SI Table 1 , Figure 2 ). Universality rate was lowest in non-embryophytes and bryophyta. Note. Both segments represented here have barcode gaps and universality. All pairwise interspecific distances are greater than interspecific distances.
All distance measures were values from 0 to 1, with 0 being representative of no evolutionary distance/variation and 1 being representative of the most variation possible (no mutually similar nucleotides between two sequences). Barcode gaps were, on average, 0.0096 p-distance units wide (gap = minimum interspecific distance -maximum intraspecific distance). All differences between interspecific and intraspecific distances were highly significant (p < 0.001).
These two particular barcode sequences were searched in the GenBank database. However, only whole plant chloroplast genomes resulted, indicating that the two regions are unnamed and not functionally characterized in any GenBank-associated study.
Both barcode segments were also flanked by conserved sequences, as indicated by the LAGAN alignment. The interspecific variation of the segments were seen as a "dips" in conservation levels ( Figure 3) . Immediately surrounding the dip, however, were highly conserved flanking sequences >96% similar, on average, in all examined plant species. In addition, manual analysis confirmed an optimal GC-content of 43%, and based on MEGA6's local calculations, no repeats/redundancy existed for these two barcodes. Theoretically, therefore, quality primers can be generated for these barcodes. And, following primer construction with Primer-BLAST, DNA sequencing testing revealed PCR and DNA sequencing success rate of 94%, or 30/32 specimens (SI Table  2 ). Amplification and sequencing were least successful in bryophytes. Note. Sequences immediately flanking the two discovered barcode sequences were analyzed for GC-content, genetic conservation, redundancies within the genome, and DNA repeats. All tests indicated that both barcodes had viable primers. A representation of one of the barcode's primers is depicted.
Thus, our comprehensive, iterative methodology uncovered two novel DNA barcodes that were (1) of an optimal length of 500 bp, (2) universally present in all examined plant chloroplast sequences, (3) amplifiable with viable primers, and (4) high accuracy in species identification (indicated by the barcode gap), thereby satisfying all requirements of a functional plant DNA barcode.
Confirmation of Identification Accuracy via Additional Tests
BLAST1 tests confirmed both barcode segments to be 100% effective in plant species identification in the data set, consistent with the presence of a barcode gap. For both barcodes, all 866 query sequences matched their respective top BLAST hits. The strict Nearest Distance test demonstrated that one segment correctly identified query sequences in 100% of cases, and the second segment in 93% of cases (7% ambiguous, with a smallest genetic distance above the 90th percentile maximum required for non-ambiguous identifications). The Neighbor-Joining Tree test demonstrated 100% species identification for one barcode: all query sequences were placed in monospecific clades of the correct species, even in the presence of closely-related species. The second barcode exhibited 94% for this test.
Current Plant Barcodes Perform Poorly in Sample Set
In comparison to the two discovered segments, current plant barcodes (rbcL+matK, trnH-psbA, ITS, etc.) displayed no barcode gap: there was significant overlap between interspecific and intraspecific variation (ex. rbcL shown in Figure 4 ). Furthermore, they performed significantly poorer in BLAST1, Nearest Distance, and NJ-TreeBuilding tests (Table 1) . Current plant barcodes, in summary, do not perform as well in species discrimination as those segments with barcode gaps uncovered in the study. Note. In summary, two barcodes were found via the comprehensive iterative analysis that had barcode gaps and performed exceptionally well in all additional tests. In the same sample set of sequences, plant barcodes currently in use have overlap between intra-and inter-specific variation and perform poorly in additional testing. Note. In contrast to those segments found to have barcode gaps (Figure 2 ), no plant barcodes currently in use have the barcode gap in the experimental sample set (ex. rbcL and matK+rbcL, as shown).
Development of a Faster Screening Process (Algorithm)
Because the original iterative analysis was very time-consuming, we sought to devise an alternative method of locating DNA barcodes that was faster and more efficient, without sacrificing accuracy of results. Thus, a modular algorithm was developed and, afterwards, the algorithm was tested.
We sought to devise an alternative method to identity universally-effective barcodes through screening of entire genomes that was faster and more efficient than the methods detailed above, without sacrificing accuracy of results. Thus, the following algorithm was tested:
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The algorithm is modular, namely each term in the global product carries a discrete meaning.
denotes the number of possible intraspecific pairwise alignments.
represents the sum of the weighted averages of the conversation values on the target site in all possible intraspecific pairwise alignments, denotes the number of possible interspecific pairwise alignments, and represents the sum of the weighted averages of the conservation values on the target site in all possible interspecific pairwise alignments.
Though the algorithm provides an effective method by which the weighted conservativeness of a given locus in pairwise alignment can be resolved with many others, applying it to an entire 500 bp locus would prove inefficient and exhaust computing resources on the order of magnitude of the systematic iterative analysis.
However, by analyzing only a small fragment of the entire query genetic locus at a time, 2-3 bp segments, the entire analysis can be completed in a fraction of the previous time. This is done by integrating the calculated efficacy of a given DNA fragment with that of an adjacent one, and continuing the integration along the length of the barcode. This resolves the efficacy of hundreds of pairwise alignments entirely into that of an exponentially smaller data set. This process, when continued through what effectively becomes a binary tree, eventually culminates in the binary resolution of large DNA fragments into a globally calculated efficacy for the barcode itself.
Note that the algorithm must be scaled by a factor of the multiplicative inverse of the first global product minus 1 on each branch of the binary tree.
Optimization of Iterative Analysis via Novel Algorithm
Computer scripts for the original iterative analysis (which employed MEGA6's genetic distance calculations) ran for approximately 125 continuous hours. Furthermore, if only 5 more sequences were added to the alignment, all available RAM would have been depleted and computer scripts terminated. Thus, a method was needed to speed up processing and enable analysis of barcodes for larger sequence alignments in the future.
In total, only 43 minutes were necessary for the algorithmic process, comprising a 17000% increase in efficiency in comparison with the initial iterative analysis. The multiple sequence alignment, percent effectiveness calculations for each of the 2950 individual segments, and pinpointing of the most accurate DNA barcodes took the algorithm a total of 43 minutes to process completely.
Algorithm Retains Accuracy of Initial Analysis
Percent error of the algorithm in its percent effectiveness calculations was 4.87% (relative to the initial nonalgorithmic method). However, it was observed that percent error of the algorithm's calculations was significantly lower for barcodes of higher percent effectiveness. The algorithm had only a 1.76% error rate when applied to barcodes with effectiveness 80-100% ( Figure 5 ). This observation implies that most barcodes that researchers are concerned with (i.e, those that are highly effective) will have very accurately predicted percent efficacies. Furthermore, the algorithm identified the same barcodes as having highest percent effectiveness. Of 2950 segments, the algorithm pinpointed both regions with barcode gaps as having 100% effectiveness in species identification. Note. The algorithmic methodology is > 95% accurate in its calculations of DNA barcode effectiveness (error rate = 4.87%). Further, when applied to more effective barcodes (80-100% actual accuracy), the algorithm is > 98% accurate. Thus, it is a viable alternative to the initial iterative analysis.
Discussion
The present study comprised a comprehensive analysis in search of a plant DNA barcode. Unlike earlier investigations, multiple whole chloroplast genomes were studied, and analysis was done in a non-discriminatory fashion. All portions of the genome were screened. Two plant DNA barcodes with unprecedented, near-perfect accuracies in the data set were located, though the study must be expanded to a broader sample set before realworld use. These two 500 bp segments were found to have barcode gaps in the consulted data set. Further tests on additional sequences confirmed accuracy. Furthermore, these two short barcodes were universally present in all chloroplast sequences studied, and were flanked by highly conserved and viable primer sequences. Plant DNA barcodes currently in use today performed poorly in the sample set used, lacking barcode gaps and failing many of the additional tests.
We speculate that these two regions had not previously been recognized in plant barcoding because they are not protein-encoding, not functionally characterized, and not present as individual sequences in GenBank (only as part of whole chloroplast genome sequences). The likelihood of finding such DNA regions is therefore meager without a global sequential comparison of complete chloroplast genomes.
A comprehensive catalog of these two barcodes in a greater quantity of plant species must be constructed before the present findings may be of use. Given the growing quantity of whole genome sequences (from which these barcodes can easily be located) and facile amplification of these two DNA segments, the development of the aforementioned catalog of barcodes is feasible. And, the advent of next-generation sequencing methods that improve upon the traditional Sanger sequencing procedure will facilitate and simplify the rapid construction of large-scale DNA barcode libraries (Shokralla et al., 2014) . Regardless, our algorithm may be utilized in evaluating and comparing DNA barcodes currently in use today in an efficient and exhaustive manner. Moreover, the algorithm may be useful in rapidly locating accurate DNA barcodes for small clades or taxons, perhaps to be employed by specialists of particular organisms.
Our long-term prospect is that upon further evaluation and cataloging, these two barcodes be used in aiding rapid biodiversity assessments, thus elucidating where rates of biodiversity loss are greatest and where conservation policies must be targeted. In the present day, such inexpensive and rapid mapping of plant biodiversity is not feasible (Brooks, 2010; Krishnamurthy & Francis, 2012) . Furthermore, species extinction is currently occurring at ~1000x its natural rate (Pimm et al., 2014) . And, with most plant life on Earth yet to be discovered, many plant species may vanish before we ever reap their potential medicinal, economic, and scientific value (Krishnamurthy & Francis, 2012; Scheffers et al., 2012) . DNA barcoding, however, in addition to being a tool for species identification, can also be utilized for rapid species discovery with the help of taxonomists . Thus, the DNA barcodes uncovered in this study may be utilized to identify new plant species before their disappearance. In addition to facilitating protection and description of plant biodiversity, these DNA barcodes may be used for biomedicine, pest control, medicinal plant authentication, and a bio-literacy tool for the public (Ajmal et al., 2014) .
Furthermore, the devised algorithm yielded a 170-fold increase in efficiency in comparison with the earlier method, without sacrificing accuracy of the resultant barcode "percent effectiveness" calculations. Hence, our algorithm can be used in place of the original method, allowing for easy expansion of the present study into a larger sample set of more chloroplast sequences and species. And, unlike the original iterative analysis, restricted to 500 bp segments, our algorithmic methodology enables analysis of barcodes with a greater variability with regards to sequence length. In addition, the algorithm can be applied to other kingdoms of life-such as fungi and insects-for which more accurate barcodes may exist. Perhaps a universal, "barcode of life" can be found using our algorithm that encompasses all species on Earth. These applications of the algorithm will be explored in future studies.
